The stability of an object held between the finger and thumb depends on friction developed by grip force, normal to the contact surfaces, to overcome tangential load force. Previous research has shown that in lifting an object, grip force rises with the increase in gravitational load force as the hand takes the weight and that in moving an object, grip force is adjusted to meet movement-induced inertial load force. Those results demonstrated the anticipatory nature of coordination of grip force with load force. Whether grip force anticipates load torque was studied in this research. When participants were constrained to use grasp points where the grasp axis was manifestly distant from object center of mass, it was found that they made grip force adjustments in anticipation of load torques that tended to destabilize an object as a result of lifting or moving it. These adjustments imply use of information about object center of mass in movement planning.
This article is concerned with people's anticipation of dynamics--time-varying forces and torques---when interacting with objects in the environment. In using the thumb and index finger in a precision grip to pick up an object, such as a pencil lying on a table, the vertical lift force provided by the ann to overcome the pencil's weight is l~ansmitted through the pads of the thumb and fingertips pressing against the sides of the pencil. Assuming that the pencil has parallel sides and that friction with the table is negligible, gripping the pencil between the thumb and fingertips without moving it implies that equal and opposite horizontal forces act inwardly as forces normal to the contact surfaces on either side of the pencil. Such normal forces result in friction that resists any tendency for motion of the digits tangential to the surface of the pencil. Classical analyses of two rigid surfaces in contact indicate that the limiting frictional force (i.e., the maximum force that is resisted before tangential slip occurs) is proportional to the normal force and independent of the contact area. This is referred to as "Coulomb friction" (Feynman, Leighton, & Sands, 1963 ; also see Krim, 1996) .
The constant of proportionality, termed the coefficient of friction, is a property of the surfaces in contact. Rough surfaces (e.g., sandpaper) often have a higher coefficient of friction than smooth surfaces (e.g., silk).
Tangential slipping motion of the digits over the surface of the pencil may occur when the lifting action of the arm produces a vertical load force at each digit (for now we assume that the axis defined between the grasp points passes Alan M. Wing, Medical Research Council Applied Psychology Unit, Cambridge, England; Susan J. Lederman, Department of Psychology, Queen's University, Kingston, Ontario, Canada.
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Correspondence concerning this article should be addressed to Alan M. Wing, who is now at the Sensory Motor Neuroscience Centre, School of Psychology, University of Birmingham, Edgbaston, Birmingham B 15 2TT, England. Electronic mail may be sent to a.m.wing@bham.ac.uk. through the center of mass [CM] ). A stable grasp that will not allow either digit to slip on the pencil therefore requires that the grip force be related to the load force during lifting. In particular, the grip force must not fall below the load force divided by the coefficient of friction. When lifting an object, if the normal grip force is insulficient given the tangential load force and the value of the coefficient of friction, slip will occur. Slip can produce activity in cutaneous afferents that results in a prompt rise in grip force, a correction to the load force, or both (Cole & Abbs, 1988; Johansson & Westling, 1987; Macefield, Hager-Ross, & Johansson, 1996) . These feedback-driven adjustments occur at latencies of approximately 80 ms (to the first change in grip force). Such latencies are longer than spinal reflexes, and there is evidence suggesting that they are mediated by supraspinal pathways, including the sensorimotor cortex (Johansson, Lemon, & Westling, 1994) .
With the possibility of rapid corrections triggered by slip, it might be thought that adjustment of grip force for changes in load force might operate purely on the basis of feedback. However, slips occur relatively rarely in lifting because grip force is appropriately adjusted in anticipation of load force and frictional conditions. When people are familiar with the object they are required to lift using precision grip, the time taken for load force to attain a value sufficient for object liftoff is approximately constant, regardless of object surface characteristics (Johansson & Westling, 1984; Westling & Johansson, 1984) and weight (Johansson & Westling, 1988) . Although variation in these object properties can entail different rates of increase of grip force, the rate at which grip force rises is set early in lifting, immediately after initial contact of the digits with the object and before there is time for feedback to operate. Johansson and colleagues (e.g., see reviews by Johansson, 1996; Johansson & Cole, 1994; Johansson & Westling, 1990) have therefore argued that the coordination between grip force and load force is preplarmed on the basis of sensorimotor memories developed over previous trials.
Anticipatory adjustments to grip force have also been 1571 observed with dynamic load fluctuations created by transporting objects held in precision grip. Flanagan and colleagues (Flanagan, Tresilian, & Wing, 1993; have shown that when, in addition to gravity, inertial load force acts on the object due to acceleration or deceleration of the hand, grip force is elevated. They observed that the increase in grip force is tightly coupled to the modulation of the inertial load; grip force starts to rise just before the rise in load force begins, reaches a peak that coincides with the peak in load force, and declines as load force decreases. These results imply anticipation of the consequences of motor actions creating forces that would otherwise disturb the stability, and hence the position in the hand, of the grasped object (Flanagan, Tresilian, & Wing, 1995; Wing, 1996) . Because prediction of load force requires knowledge of hand acceleration, such anticipation indicates a role for kinematics in hand motion planning. The kinematics may derive from forward modeling of the consequence of muscle commands or from the specification of a trajectory (with muscle commands determined by application of an inverse model; . Given knowledge of end-effector kinematics and information about the object's mass and surface characteristics (available either from sensorimotor memory or directly while the object is held before moving), the inertial load force and necessary increase in grip force may be determined. Thus far, our consideration of precision grip in lifting and moving objects has assumed that the grasp axis between the thumb and index finger contact points includes the CM. If the CM does not lie on the grasp axis (we refer to a CM-offset grasp axis), gravitational forces (during lift) and inertial forces (during transport) that act through the CM will produce load torques equal to the product of the forces and the perpendicular distances of their lines of action through the CM from the grasp axis (the CM moment arm). These load torques will tend to rotate the object around the grasp axis. In certain circumstances this may be used to advantage; for example, when picking up the pencil, rotation during lifting may help to align the pencil appropriately for subsequent writing. However, if the intention is to preserve particular geometric relations between the hand and object, increases in grip force will be needed to compensate for load torque as well as for load force when the CM does not lie on the grasp axis. In this research, we examined the time course of such compensation. In particular, we were interested in determining whether grip force increases would coincide with the onset of load torques indicating that they are anticipatory, or whether grip force changes would follow load torques at an appreciable delay indicating that they are feedback driven. If grip force increases do anticipate load torques, it would suggest that motion planning involves an appreciation of object geometry and mass distribution, not just mass and surface friction characteristics as identified in the earlier studies of lifting and moving objects.
Recent research has shown that actions are sensitive to the CM. Bingham and Muchisky (1993) reported that when people were asked to point out stable grasp positions for lifting vertically oriented planar geometric forms, they identified points close to the CM. Moreover, Goodale, Jakobson, and Servos (1996) noted that when people were asked to pick up horizontally oriented planar objects using precision grip, they usually used grasp points that spanned the CM. Such grasp axes have the advantage over CM--offset grasp axes (with other factors, such as the relative angle and friction of the grasp surfaces, being equal) of removing the need to compensate for load torques in lifting or moving the object. However, we know of no published reports examining what people do when they are constrained in their choice of grasp point so that they cannot avoid torques due to CM-offset axis. Do people compensate for torques of this kind? If so, is the compensation feedback based, or is there anticipatory adjustment of grip force, perhaps scaled to the CM moment arm?
To resist gravitational or inertial load torque in lifting or moving an object with a CM-offset grasp axis, a countertorque must be developed at the digits. The transmission of the torque to the object via the grasp surfaces relies on torsional friction that, as with Coulomb friction, increases with the normal force. In rigid body contact, torsional friction differs from Coulomb friction in that the limiting frictional torque is proportional not only to the normal force but also to the contact area. Theoretical models of grip mechanics, in which digit compliance is taken into account (e.g., Brock, 1988; Howe & Cutkosky, 1996) , suggest that normal force might have a nonlinear effect on limiting friction. However, Kinoshita, Backstrom, Flanagan, and Johansson (1997) reported that the relation between slip force (i.e., the minimum normal force required to prevent slip) and tangential force for the thumb or finger (tested in isolation) is essentially linear, l The study of Kinoshita et al. is also interesting from a psychological perspective because it showed that the concept of safety margin (i.e., the amount by which normal force exceeds the minimum required to prevent tangential slip) developed for tangential load force (Johansson & Westling, 1984 ) also applies to tangential load torque. Under conditions of constant load, people tend to maintain a small and constant safety margin to prevent a digit slipping. Any significant additional load thus requires an increase in normal force for stable contact.
The question we addressed in our research was whether people adjust normal force in precision grip to compensate for changes in tangential load torques of gravitational and inertial origin that arise when they use a CM-offset grasp axis to pick up or transport an object. Given earlier studies showing that grip force anticipates changes in load force in lifting (Johansson & Westling, 1984) or moving an object, we investigated whether grip force would be elevated in anticipation of changes in load torque when a CM-offset grasp axis is used to pick up or transport an object. The load torque experienced in lifting or moving 1 The discrepancy from nonlinearity predicted by the models may be because, with digit pad contact, increase in contact area with normal force does not contribute to increase in limiting torsional friction. Kinoshita, Backstrom, Hanagan, and Johansson (1997) found that limiting torsional friction for the thumb was not reliably different from that for the index finger despite a contact area 50% larger.
an object held with CM-offset grasp axis increases in proportion to the CM moment arm. We therefore examined whether anticipation would include scaling of grip force to the CM moment arm.
One candidate measure of grip force adjustment, peak grip force, can occur several hundred milliseconds after starting to move an object and so may be influenced by feedback. In contrast, the peak rate of change of grip force typically occurs within the first 100 ms (e.g., Wing, Flanagan, & Richardson, 1997) and thus may be considered a purer measure of anticipation. Accordingly, we also investigated whether people scale the rate at which they increase their grip force, over and above the scaling that has previously been shown for load force, to allow for the dependence of load torque on the distance between the grasp axis and CM.
We describe four experiments in this article. Experiment 1 showed that the normal force required to prevent rotation by tangential gravitational torque of a test object held in precision grip increased linearly with the length of the CM moment arm. In Experiment 2 we found anticipatory increases in grip force that were scaled to the CM moment arm as well as to the acceleration of the hand. Experiment 3 indicated an ability to generalize from previous experience with a range of CM moment arms to a novel CM moment arm. In Experiment 4 we found grip force adjustments anticipatory of load torques with CM-offset grasp axis when lifting an object. In combination, the results suggest that people's actions are tuned to dynamic attributes of objects embodied in the CM.
Experiment 1: Limiting Friction for Gravitational
Load Force and Torque
In this experiment we demonstrate a linear relation between the grip force required to achieve a stable precision grasp on an object and torque, which tends to rotate the object. Participants held an instrumented object horizontally using precision grip with a CM-offset grasp axis. After the start of the trial they gradually relaxed their grip, allowing the apparatus to slip or rotate due to the force of gravity. The grip force at which this occurred was noted. This experiment involved the same participants as those who took part in Experiments 2 and 3, which focused on changes in grip force during horizontal transport movements. Although logic dictates that it be reported first, Experiment 1 was run after the other two experiments to avoid possible training effects of a procedure that clearly demonstrates to the observer the high level of grip force needed for stable grasp in the presence of (gravitational) torque.
Method
Participants. Ten men (age range = 17-48 years) drawn from the Applied Psychology Unit subject panel and scientific staff took part in the experiment. They had previously participated in Experiments 2 and 3. All participants gave informed consent according to the requirements of the local ethics committee.
Apparatus. The hand-held object (see Figure 1) 20-ram-wide, rectangular aluminum plates extending beyond the edge of the cylinder at right angles to the force-sensing axis. 2 The overall length of the plates was 135 ram, and the distance between the grasp surfaces was 60 nun. The mass of the transducer was 0.26 kg, and the combined weight of the arms was 0.18 kg. Given the geometry of the apparatus, this resulted in an asymmetrical distribution of weight along the long axis (CM = 90 nun from the open end). The aluminum plates were covered with fine grit sandpaper and colored tapes along the plate edges marked five equal-spaced grasp positions whose distance from the CM ranged from 0 to 60 ram. To index horizontal accelerations associated with movements made in Experiments 2 and 3, we attached a miniature accelerometer (Entran Model EGA-125-10D) to the force transducer) Cables for the force transducer and accelerometer were led from the end of one of the plates, via a small loop, and taped to the back of the arm 2 The manufacturer's claim that the transducer's measurement of force is unaffected by torque produced by nonaxial loading was verified by the constancy of test readings obtained for weights placed along the plate at various distances from the transducer's force-sensing axis.
3 As noted by an anonymous reviewer, the positioning of the accelerometer on the load cell had a potential disadvantage for Experiments 2 and 3. If, with CM-offset grasp, there were appreciable swing, horizontal movement at the load cell could have been delayed with respect to the onset of horizontal motion at the hand. A check was therefore carded out with two accelerometers to compare the onset times for various grasp positions. The worst case (with the hand at the most extreme position corresponding to a CM moment arm of 60 nun) gave a delay of 27 ms (SD = 7 ms), with Figure 3 depicts the individual functions relating grip force to grasp position for the 10 participants. The linear regression was significant for all participants, with the average slope being 0.4 N/mm and the average intercept 1.7 N (average r 2 = .98). The intercept varied over participants, which may reflect individual differences in the coefficient of static friction, which, in turn, probably relates to individual differences in sweating rate (Westling & Johansson, 1984) . There were also individual differences in slope, and these were reliably correlated with the intercept (r = .62,p = .05).
In conclusion, the results of this experiment show that the grip force needed to stabilize an object held in precision grip and to prevent it from slipping or rotating out of the horizontal increased directly with torque produced by varying the CM moment arm. This result is consistent with the finding of Kinoshita et al. (1997) for stabilization of single-digit contact with a surface subject to torque load.
In the next experiment, we considered a case in which the object was held vertically and the hand was moved horizontally. If the grasp axis did not include the CM but lay above it (so that the object hung in a pendulum fashion; see Figure 1 ), an increase in grip force proportional to the CM moment arm would be needed if the tendency for the inertial torque to rotate the object was to be resisted.
to minimize any tendency for cable drag to impede the motion of the test apparatus relative to the hand.
Changes in angle between the hand and the apparatus were recorded with a lightweight flexible-wire goniometer (Penny & Giles Model Gll0). One end was attached to the inner surface of one of the plates, and the other end was held in place on the back of the hand with a tubigrip bandage around the wrist.
An Apple Mac Ilfx computer with a 12-bit analog board (National Instruments NBMIO16) was used to record the data at 200 Hz for 2 s. The data were digitally low-pass-filtered (fourthorder Butterworth, 20 Hz cutoff) and stored after each trial for subsequent processing.
Procedure. Participants were asked to hold the apparatus horizontally (see the inset of Figure 1 ) using a precision grip with opposed thumb and index finger. All participants were tested with their right hand (although 2 were left-handed according to selfreports). Participants were instructed to gradually relax their grip force until the object just began to slip. When the grasp axis included the CM, the slip involved linear vertical translation. With a CM--offset grasp axis, the slip was rotary about the grasp axis. This procedure was repeated one or two times at each grasp position, starting at 0 mm and working through to 60 mm from the CM in 15-mm increments.
Results and Discussion
Sample grip force and angle recordings from single trials at each grip position for 1 participant are shown in Figure 2 . The lowest set of traces are the angular velocities (obtained by differentiation of the angle record) that were used to align the data on slip onset (angular velocity exceeds 10 deg/s). Inspection of the grip force at which appreciable slip first occurred (the slip force) showed a clear vertical ordering of the curves, which corresponded (bottom to top) to increasing distance from the grasp axis to the CM (i.e., the CM moment arm).
Experiment 2: Grip Force Adjustments With Blocked Changes in Load Torque
In this experiment we examined whether people would be sensitive to the need to increase grip force to stabilize an object held in precision grip against inertial torques due to translational movements of the hand while holding the object with a CM--offset grasp axis. We wanted to determine whether grip force increases would be anticipatory and whether they would scale with CM moment arm. The latter would indicate adjustment for load torques in addition to anticipatory increases in grip force that would be expected for load forces on the basis of previous work by Flanagan and colleagues .
Method
Participants. The 10 men who participated in Experiment 1 took part in this experiment.
Procedure and experimental design. Participants were told that on each trial they would be asked to make a brisk movement of the hand from fight to left in a frontoparallel plane while holding the apparatus, described in Experiment 1, stable in a vertical position (see Figure 1) . The apparatus was oriented in the hand so that the plane of the grip surfaces corresponded to the plane of movement. After the experimenter had demonstrated precision grip, with the opposed thumb and forefinger, the participant took the object with the fight hand at the grasp position aligned with the CM. The instructions emphasized that there should be no movement of the hand or object until the signal to move was given (to avoid providing cues to the CM moment arm from motion cues). Participants performed blocks of 10-15 2-s trials with a given grasp position. Over the experiment, a fixed sequence of grasp positions was used corresponding to CM moment arms of 0, 30, 60, and 45 mm. To avoid undue fatigue, participants were given a rest pause every 5 trials; during this time they took the weight of the apparatus with the left hand to permit them to relax the fingers. Grip force, angle, and acceleration measures, sampled at 200 Hz, were digitally low-pass-filtered (fourth-order Butterworth, 20-Hz cutoff) and stored after each trial. Subsequently, an automated procedure with visual checking was used to determine (a) the baseline values at the start of the trial for acceleration and angle; (b) the time of movement onset (determined from the acceleration trace as the first point at which the acceleration exceeded a threshold equal to the baseline value plus four times the baseline standard deviation); and (c) the times and values of peak acceleration (relative to baseline), peak grip force, peak rate of change of grip force, and peak angle (relative to baseline). If grip force or the rate of change of grip force exhibited two peaks, we selected the earlier one because it usually corresponded more closely to the peak in acceleration, The various measures were subjected to separate repeated measures analysis of variance (ANOVAs) with CM moment arm (dependent on grasp position) and trial order (first vs. last) as factors. Figure 4 shows absolute acceleration, grip force, and angle traces for three single trials (the same participant as in Figure 2 ) with CM moment arms of 0 and 60 ram. The acceleration traces showed that the movement lasted approximately 400 ms. Grip force rose with, or slightly before, acceleration onset, reaching a maximum at or after the end of the first peak in acceleration. The maximum grip force was greater with the CM-offset grasp axis. Despite this elevation of grip force, the angle record indicated that the apparatus swung appreciably, with the direction of swing reversing as the absolute acceleration value passed through a minimum (acceleration changed to deceleration). 4 Within a condition there was evident variability, both in peak acceleration and in maximum grip force. However, for all participants and conditions, the correlations between peak acceleration and peak ~rip force and between peak acceleration and peak grip force rate were invariably greater than zero. The group averages of the within-subjects, within-conditions estimates were .50 and .55 respectively (average r 2 = .31 and .36, respectively). Figure 5 shows average traces over all trials at each of the four grasp positions for the same participant as in Figure 4 . The traces confirm that grip force rose with, or slightly before, the rise in acceleration, reaching a broad maximum that spanned the two acceleration peaks before declining relatively slowly. Maximum grip force was clearly greater for larger values of the CM moment arm; indeed, the differences between grip force functions in the four conditions were apparent relatively early, within 100 ms of movement onset. Despite the differences in grip force, the bottom set of traces show that the apparatus swung more with larger values of the CM moment arm. Figure 6 shows the average over all 10 participants of the peak grip force, baseline grip force, peak acceleration, and peak angle for the first and last trial of each block as a function of the CM moment ann. Participants clearly increased their grip force with an increase in moment arm; a two-way repeated measures ANOVA showed a reliable main effect, F(3, 27) = 43.0, p < .01. Peak acceleration values did not change significantly with moment arm; the increase in peak grip force may therefore be linked to increased torque with longer moment arm. Compared with the changes in peak grip force, changes in baseline grip force with moment arm were small. However, a systematic increase 4 Although the apparatus swung as much as 10 ° with CM moment arm of 60 ram, this was markedly less than a figure for the maximum initial excursion of 26 ° (SD = 5 °) obtained when the apparatus was moved on a similar trajectory while supported by a rod passing through holes at a point corresponding to CM moment arm of 60 mm (i.e., as an unrestrained pendulum). from Positions 0 to 60 mm of 1 N was statistically reliable, F(3, 27) = 3.22, p < .01. There was a significant effect of moment arm on peak angle, F(3, 27) = 9.29, p < .01. There was a significant effect of trial on all measures except peak grip force. On the last trial, baseline grip force was lower, F(1, 9) = 14.10, p < .01, angle was greater, F(1, 9) = 5.03, p = .05, and acceleration was higher, F(1, 9) = 14.10,p < .01. There was one reliable interaction term that involved angle, F(3, 27) = 4.95, p < .01; the difference in angle between the first and last trial was present only at CM moment arms of 45 and 60 mm. This interaction can be understood relative to the increase in acceleration on the last trial. Increased acceleration results in increased torque at CM-offset grasp axes when the CM moment arm is nonzero. Because grip force was not reliably greater on the last trial than on the first, the apparatus swung farther at those CM--offset grasp positions where acceleration was greater. Although moment arm influenced peak grip force, it is not clear that this effect was caused by anticipatory adjustment of grip force. In this experiment maximum grip force occurred on average 197 ms after the onset of movement. A plausible alternative is that participants were using feedback about torque with CM--offset grasp axes to adjust grip force once they had begun their movement. This would suggest sensitivity to the consequence of a nonzero moment arm rather than anticipation based on a premovement appreciation of CM position. However, observed rates of change of grip force suggest the operation of anticipatory factors. The peak rate of change of grip force occurred on average 52 ms after movement onset. Although this delay is too short for feedback correction, s Figure 7 shows that the peak rate of change of grip force was sensitive to CM moment arm, F(3, 27) = 17.8, p < .01. There was a reliable increase in peak grip force rate from the first to the last trial of each block, F(1, 9) = 10.3, p < .05. However, even on the first trial, peak grip force rate clearly increased with moment ann (i.e., there was no Trial X Moment Ann interaction).
Results and Discussion
The results of this experiment show that when participants moved an object held in precision grip, they modulated grip force in parallel with or slightly ahead of movement. At any given grasp position, peak grip force and peak rate of change of grip force were correlated with peak acceleration. This finding is consistent with earlier reports , in which it was suggested that participants anticipate inertial load force related to acceleration levels in their movements. This study extends the previous work in showing that peak grip force and peak rate of increase of grip force are scaled according to the size of the CM moment arm and hence to the inertial torque that is developed by horizontal acceleration and deceleration of the hand. The grip force begins to rise before the onset of acceleration. Moreover, the peak rate of change of grip force is sufficiently early after movement onset that it is not likely to have been affected by feedback. We therefore suggest that the grip force adjustments are anticipatory and reflect participants' efforts to prevent the object from swinging in their grasp.
Further support for the anticipatory nature of the grip force adjustments comes from the fact that the effects were present on the first trial of each block. Changes from the beginning to the end of a block of trials, although significant, were relatively small and did not change the basic finding. This result is important because it suggests the ability to extrapolate (and interpolate) from information gained from the preceding conditions relating inertial torque to the CM moment arm. In conclusion, it appears that participants take object dynamics into account in planning movement and that they recognize the consequences of a CM-offset grasp axis, which, in turn, implies an appreciation of the CM.
Experiment 3: Transfer of Anticipatory Grip Force
Adjustment to a Novel Load Torque
In the previous experiment, participants used higher levels of peak grip force (and peak rate of change of grip force) with greater CM moment arm from the very first trial. This implies that motion planning responsible for anticipatory adjustments of grip force is based on a knowledge of object CM and the ability to predict the consequence for torque of the length of the CM moment arm. The results of the previous experiment, showing moment arm effects on grip force on the first trial, suggest such prediction involves generalizable rules rather than learning, over a number of trials, the dynamics associated with each specific grasp position. We wanted to confirm this view in Experiment 3 by testing a novel grasp axis, 15 mm from the CM, to determine whether the grip force measures would lie on the same function as those for the other grasp positions.
Me~od
Participants. Nine of the 10 participants who participated in Experiment 2 took part in Experiment 3 after a brief rest.
Procedure and experimental design. As in the previous experiment, participants were asked to use right-handed precision grip to hold the apparatus, described in Experiment 1, stable in a vertical position (see Figure 1) while they made brisk movements of the hand from right to left in a frontoparallel plane. They performed five such transport movements, with grasp positions varied to produce a sequence of CM moment arms in which the previously experienced values (0, 30, 60, and 45 mm) were followed by the novel value of 15 ram. Data recording and measurement procedures were the same as those for the preceding experiment.
Results and Discussion
The functions obtained for peak grip force, acceleration, and angle (see Figure 8 ) and peak grip force rate (see Figure  9 ) were similar to those observed in Experiment 2, with reliable increases in peak grip force, F(4, 32) = 6.86, p < .01, and peak rate of change of grip force, F(4, 32) = 4.16, p < .01, with moment arm. (Peak grip force and peak grip force rate occurred on average 170 ms and 42 ms after movement onset, respectively.) There was a reliable effect of CM moment arm on angle, F(4, 32) = 11.34,p < .01, but no effect on peak acceleration.
Participants had extensive previous experience in Experiment 2 with all the grasp positions except the one corresponding to a CM moment arm of 15 mm. Nonetheless, the values for peak grip force and peak rate of change of grip force for this condition fell squarely on the function that described the other conditions. For each participant, linear regression functions relating peak grip force and peak rate of change of grip force to CM moment arms were determined (average rs = .72 and .65, rEs = .50 and .58, respectively). Differences between the observed and predicted values for CM moment arm of 15 mm were then determined. The residuals for peak grip force (M = -0.4 N, SD = 2.0) and the rate of change of grip force (M = -0.6 N/s, SD = 18) did not differ systematically from zero.
In summary, the results of this study replicate those of the previous experiment but in a situation that precluded the development over a series of trials of a grip force level matched to a specific CM moment arm. Moreover, participants' performance on the 15-mm condition fell on the functions that fitted the other, previously experienced conditions. This suggests that they used a general rule that allowed interpolation of appropriate levels of grip force and did not simply rely on trial-and-error learning of specific grip force values for particular CM moment arms.
Experiment 4: Anticipatory Grip Force Adjustment for Load Torque When Lifting With CM-Offset Grasp Axis
The anticipatory grip force adjustments in Experiments 2 and 3 suggest that, in moving an object, people predict the consequences of a CM--offset grasp axis, with inertial load torque rising in proportion to the distance between the CM and the grasp axis. In this experiment we examined whether there would be grip force adjustments in lifting an object using a CM--offset grasp position similar to those associated with transporting the object.
Method
Participants. Ten adults (6 men and 4 women) ranging in age from 17 to 50 years and who had not taken part in Experiments 1-3 participated in this study. They were drawn from the same subject panel and scientific staff as before and gave informed consent according to the requirements of the local ethics committee.
Apparatus. The apparatus used here was lighter and smaller but was similar to the one used in Experiments 1-3. It comprised a cylindrical force transducer (Novatech Model 245) with two 20-ram-wide rigid aluminum plates extending beyond the edge of the cylinder at right angles to the force-sensing axis. The force transducer cable was led away from the end of one of the plates and suspended in the middle of the workspace by a long elastic cord that minimized the tendency for cable drag to restrict motion of the apparatus relative to the hand.
The distance between the apparatus grasp surfaces was 40 ram, and the overall length was 120 ram. The mass of the transducer was 0.07 kg. The combined weight of the plates was 0.05 kg. The geometry of the apparatus resulted in an asymmetrical distribution of weight along the long axis with a CM 85 mm from the open ends of the plates. The aluminum plates were covered with polyvinyl chloride tape on which were marked two grasp positions, 40 and 60 mm from the CM. The flexible-wire goniometer was used to record the angle between the apparatus and the hand. A second force transducer (Novatech F240) fitted with a bracket acted as a support for the apparatus at the beginning of each trial and provided a load force reading that was used to identify the onset of lifting.
Procedure and experimental design. The experimenter first demonstrated the required precision grip with the thumb and index finger aligned with the CM. (All participants, including 1 lefthander in each group, used the right hand.) Participants were told that on each trial they were to raise the apparatus 10-20 mm above the surface of the support while attempting to keep it horizontal for a period of 2-3 s. They performed three trials with grasp points aligned with the CM and then subsequently lifted the apparatus with first one and then the other of the two CM--offset grasp positions. Half the participants used the 40-mm position followed by 60 mm, whereas the other half used 60 mm followed by 40 ram.
Data recording procedures were similar to those for Experiment 2 except that the equivalent of movement onset was taken as the first point at which the rate of change of load force dropped below a threshold (equal to the average value at the start of the trial minus 4 SDs). Repeated measures ANOVA with moment arm as the factor was performed on the data from the third trial (grasp axis aligned with the CM) and fourth and fifth trials (the two CM-offset grasp positions). Figure 10 shows illustrative trials from a series of three trials (CM moment arms of 0, 40, and 60 mm) by 1 participant. The top traces show load force, the middle traces grip force, and the bottom traces angle. Over participants, the peak grip force occurred on average at 340 ms and peak rate of change of grip force at 80 ms. Figure 11 shows group mean data on peak grip force, peak rate of change of grip force, and angle change as a function of CM moment arm. There were significant effects of moment arm on grip force, F(2, 18) = 17.0, p < .01, grip force rate, F(2, 18) = 9.8, p < .01, and angle, F(2, 18) = 10.95, p < .01. Thus, the results of this experiment extend those of the two previous experiments on moving to show Figure 11 . Group mean peak grip force, peak rate of change in grip force, peak acceleration, and peak angle in lifting and horizontal movements as a function of the center of mass moment ann. Data are from 10 participants. The vertical mark represents a pooled estimate of 2 SE.
Results and Discussion
that people also adjust grip force, and grip force rate, in anticipation of inertial torque in lifting.
General Discussion
We have examined a major manipulatory function of the hand: lifting and moving objects. Previous research (for a review, see Wing, 1996) has shown that stabilizing an object in precision grip, with the thumb and index finger pads at the sides of the object, involves adjustment of grip force (normal to the contact surfaces) in anticipation of changes in load force (tangential to the surface). This is true whether the load force arises during lifting (e.g., Johansson & Westling, 1984) or transporting (e.g., . Our results on movements made with the grasp axis passing through the CM of the test apparatus replicate these findings. Grip force increases occurred with increases in load force due to both vertical lifting and horizontal transporting movements.
Our primary interest was in whether people would adjust their grip force, not only in anticipation of load force during lift and transport but also in anticipation of load torque that occurred in the same tasks when the test apparatus was held with the CM some distance from the grasp axis. With a CM--offset grasp axis, gravitational force during lifting and inertial force during transporting produced load torque in proportion to the distance between the grasp axis and the CM. We found that when participants were asked to use grasp points creating a greater CM moment arm, they increased the grip force they used to stabilize the object in the hand. Moreover, the peak rate of rise of grip force, occurring early after the onset of load force and torque, was matched to the CM moment arm, and hence to the torque produced by a given level of acceleration. This tailoring of peak rate of grip force to moment arm strongly suggests advance setting of grip force levels according to anticipated load torque because the time delay following movement onset was so short that it is unlikely that the adjustment could have been set by feedback following the onset of load force and torque.
Despite anticipatory adjustments of grip force scaled to the CM moment arm, there was appreciable angular movement in all conditions with nonzero CM moment ann. This raises the question of whether participants had an inaccurate appreciation of the extent of the necessary grip force adjustment (perhaps because of an inexact model of the dynamics). However, this seems unlikely because there was no appreciable reduction in the swing angle over trials in Experiment 2 (although we cannot exclude the possibility that participants failed to appreciate the degree of swing, or "chose" not to act on the information). Another possibility is that participants were unable to adjust grip forces to fully compensate for load torques. Because peak grip force did not appear to saturate at higher levels but increased with CM moment arm, this explanation can be excluded at the level of muscle recruitment. However, casual observation suggests another possibility, that finger pad compliance results in a grip that acts as a damped spring and allows a degree of rotation proportional to applied torque even when high levels of grip force are used. In future experiments, it would be useful to determine the potential contribution of this effect through controlled imposed perturbations of the grasped object.
It has been suggested that, in lifting an object, the matching of grip force to expected mass and friction characteristics is based on a sensorimotor memory for that object (Johansson & Westling, 1984 ; for a review, see Johansson, 1996) . The same source of information, combined with information about hand kinematics, may also underlie the anticipatory adjustment of grip force in moving the object Wing et ai., 1997) . Our results, showing matching of grip force to expected load torque, suggest that the sensorimotor memory for an object can include a representation of the CM, or at least some correlate of the CM, against which a particular grasp position can be compared to provide an estimate of the CM moment arm. This representation might be based on visual cues, haptic cues, or some combination of both. Whatever the basis, the presence of the effect of the CM moment arm on the first trial and the consistency of the effect over trials suggests that the representation has a long-term basis rather than being developed over trials in a session through experience with the particular object.
Visual identification of the CM is relatively accurate in the case of uniform planar objects and improves with the number of axes of symmetry (Bingham & Muchisky, 1993) . The apparatus used in the studies described here was neither planar nor uniform, and visual inspection alone might not have led to accurate identification of the CM. However, the initial condition in each of the three main experiments specified a grasp axis that spanned the CM. It is therefore reasonable to suppose that, on the first trial, it would have been apparent to participants that this grasp position was associated with little or no load torque----effectively, a "balance" point. That is, CM identification would have been confirmed haptically.
Participants were subsequently required to move to a different grasp position on the apparatus, toward the ends of the plates. From the visual appearance of the apparatus, it would have been clear that this represented a position farther away from the main concentration of mass embodied in the force transducer. Our results on the sensitivity of anticipatory adjustments of grip force to moment arm indicate that participants took into account the distance between current grasp position and the previously identified CM grasp position. One possibility is that the information about CM position is stored in association with the sensorimotor memory for the apparatus that embodies information about mass (as used to predict load force) and surface friction characteristics (as required to determine minimum grip force for stable grasp).
In the introduction we noted the Goodale et al. (1996) finding that, given a free choice about where to grasp an irregularly shaped, planar solid, people chose grasp points that straddled the CM. This is a clear demonstration of the relevance of the CM to action. However, the Goodale et al. result might be seen as raising a question about the relevance of what we take to be the major finding of this research: that people compensate for CM-offset grasp axes with their anticipatory grip force adjustments. Our response to this challenge would be that, normally, the selection of grasp points must be determined relative to a number of factors reflecting object, environment, and task. For example, the relative direction of the surface normals at the two grasp points is critical (e.g., Abel, Holzmann, & McCarthy, 1985) in determining stability in the plane of the object given the force each digit must produce (in the plane) to develop friction for vertical load force (i.e., orthogonal to the plane). We would therefore suggest that, in general, it is not possible to choose grasp points that straddle the CM and that stabilization for load torque as well as load force must be part of the normal behavioral repertoire in lifting and moving objects in the environment.
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